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Energy and Force Analysis of Ti-6Al-4V Linear Friction Welds
for Computational Modeling Input and Validation Data
ANTHONY R. McANDREW, PAUL A. COLEGROVE, ADRIAN C. ADDISON,
BERTRAND C.D. FLIPO, and MICHAEL J. RUSSELL
The linear friction welding (LFW) process is ﬁnding increasing use as a manufacturing tech-
nology for the production of titanium alloy Ti-6Al-4V aerospace components. Computational
models give an insight into the process, however, there is limited experimental data that can be
used for either modeling inputs or validation. To address this problem, a design of experiments
approach was used to investigate the inﬂuence of the LFW process inputs on various outputs for
experimental Ti-6Al-4V welds. The ﬁnite element analysis software DEFORM was also used in
conjunction with the experimental ﬁndings to investigate the heating of the workpieces. Key
ﬁndings showed that the average interface force and coeﬃcient of friction during each phase of
the process were insensitive to the rubbing velocity; the coeﬃcient of friction was not coulombic
and varied between 0.3 and 1.3 depending on the process conditions; and the interface of the
workpieces reached a temperature of approximately approximately 1273 K (1000 C) at the end
of phase 1. This work has enabled a greater insight into the underlying process physics and will
aid future modeling investigations.
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I. INTRODUCTION
LINEAR friction welding (LFW) is a solid-state
welding process that is used to manufacture high-
performance aerospace components,[1,2] with the tita-
nium alloy Ti-6Al-4V being commonly used.[2–4] The
process has many advantages over traditional fusion
welding methods, including excellent mechanical prop-
erties, avoidance of melting, and very low defect rates.
During LFW, one workpiece is oscillated relative to
another whilse under a large applied force, as shown in
Figure 1. The process is said to occur over four
phases:[3,5,6]
 Phase 1—Initial phase. During this phase asperity
contact exists between the two surfaces to be joined
and heat is generated due to friction—see Figure 1(a).
The asperities soften and deform, increasing the true
area of contact between the workpieces. Negligible
axial shortening (burn-oﬀ) in the direction perpendic-
ular to oscillation is observed during this phase.
 Phase 2—Transition phase. During this phase the
material plasticizes, so the true area of contact
increases to 100 pct of the cross-sectional area—see
Figure 1(b). The heat conducts back from the inter-
face plasticizing more material and the burn-oﬀ
begins to register due to viscous material expulsion.
 Phase 3—Equilibrium phase. During this phase the
interface force, thermal proﬁle, and the rate of burn-
oﬀ reach a quasi-steady-state condition. Signiﬁcant
burn-oﬀ occurs through the rapid expulsion of the
plasticized material.
 Phase 4—Deceleration phase. Once the burn-oﬀ
reaches the pre-set value, the relative motion is
ramped down and the workpieces are aligned. In
some applications, an additional forging force may
also be applied.
To understand how the process works, researchers have
studied the evolution of the process forces with time,[5,6]
used computational models to predict the temperature
and deformation,[1,7–10] and have examined the weld
microstructures.[4,8,11,12] Computational models are par-
ticularly useful as they provide a means of predicting
what happens at the weld interface in the rapidly
evolving process. However, the models are limited by a
lack of data[13]—in particular, the interface force,
friction coeﬃcient, and steady-state burn-oﬀ rate as a
function of the process inputs for the diﬀerent phases of
a weld. This paper addresses these issues using a
systematic design of experiments to determine the eﬀects
of the process inputs on the average values of these
outputs for the diﬀerent phases of the process for Ti-
6Al-4V linear friction welds. Finally, to understand the
reason for the transition from phase 1 to phase 2,
thermal models were used to predict the temperature at
the interface between the two workpieces at the end of
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The experiments used workpieces with dimensions of
40 9 20 9 60 mm3 with oscillation taking place in the
40-mm length direction, as shown in Figure 2(a). The
Ti-6Al-4V parent material had a bimodal alpha-beta
microstructure, as shown in Figure 2(b). Prior to weld-
ing, the workpieces were cleaned with acetone.
Design Expert V.7, a design of experiments (DOE)
software package, was used to identify a range of
experiments for a regression model. To keep the number
of experiments low, the inputs that had the largest eﬀect
on the outputs were investigated: amplitude, A, fre-
quency, f, applied force, Fa, and the burn-oﬀ, Bo.
[2,4]
Fig. 2—Experimental details showing: (a) workpiece dimensions and movement, (b) bimodal alpha–beta microstructure, (c) workpiece prepared
for thermocouples (dimensions in millimeters), and (d) FW34 process input operating window.
Fig. 1—Key stages of the linear friction welding process: (a) asperity
interaction and (b) plasticized interface.
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Although the amplitude and frequency were considered
as two individual process inputs in this paper, they are
sometimes combined into a single input term called the
average rubbing velocity, vr, which Addison
[14] deﬁnes as:
vr ¼ 4  A  f: ½1
The experiments were completed using the FW34
LFW machine at TWI, Cambridge. The operating
window for the combination of frequency, amplitude,
and applied force that can be used with this machine is
illustrated in Figure 2(d). The ﬁnal input, the burn-oﬀ,
was adjusted between 1 and 3 mm because previous
studies[2,4] indicated that this critically aﬀected whether
the interface oxides were removed. These inputs were
entered into the DOE software to generate a range of
experimental conditions for a D-optimal regression
analysis. The forging force in phase 4 remained the
same as the applied force previously used. The remain-
ing process inputs: ramp up time, oscillation decay time,
and forging time were kept constant and had values of
0.1, 0.1, and 10 seconds, respectively.
The experimental design was speciﬁed to include
enough experiments to account for a quadratic rela-
tionship between the inputs and outputs, since this
behavior has been observed in the literature.[4,14] Some
of the experiments were repeated to test the variance
giving 25 experimental conditions for the DOE analysis,
which are listed (welds 1 to 25) in Table I. In addition,
four experiments were completed using thermocouples
(welds 26 to 29). To insert the k-type thermocouples,
several workpieces had four 1.2 mm diameter holes
drilled through them perpendicularly to the oscillation
direction and parallel to the direction of the applied
force at the positions shown in Figure 2(c). To position
the thermocouples at distances of 0.3, 1, 2.5, and
4.5 mm from the weld interface, a plug was placed into
the holes at the interface end of the workpiece. The
thermocouple wire was inserted through the opposite
end until it made contact with the plug, the thermocou-
ples where then ﬁxed into position using an epoxy resin.
Metallographic specimens were produced from the
experiments (welds 1 to 25) in Table I. The welds were
sectioned 45 deg to the direction of oscillation and
parallel to the applied force. The sectioned samples were
placed into a hot resin, and then ground down using the
following grit silicon carbide papers: 240, 1200, 2500,
and 4000. After grinding, the sectioned samples were
polished using colloidal silica polish on a micro-cloth
and etched using hydroﬂuoric acid. The metallographic
samples were viewed under a refractive microscope to
determine the microstructure of the weld interface and
to see if any surface impurities could be observed.
B. Analysis of the Force and Displacement History
High-speed data acquisition systems were used to
measure the oscillator position, x1, in-plane force, Fin,
axial position (the displacement perpendicular to the
direction of oscillation), and the applied force, Fa—see
schematic diagram in Figure 3 for deﬁnitions. The axial
position was used to estimate the burn-oﬀ history.
To determine the force at the interface of the two
workpieces and the energy input, the data were analyzed
in a similar way to that described in Ofem et al.[6] The
analysis assumed:
 Friction from the bearings on the oscillating tool
was negligible.
 Movement of the samples in the tooling was negligi-
ble.










1 50 2.7 66 1 DOE
2 70 1 100 3 DOE
3 20 2.7 100 3 DOE
4 70 1 100 1 DOE
5 58.2 2 32 1 DOE
6 50 2.7 100 2 DOE
7 30 2.7 32 1 DOE
8 60 1.9 100 3 DOE
9 30 2 32 3 DOE
10 50 2.7 32 3 DOE
11 23.3 1.3 77.3 1 DOE
12 20 2.7 100 1 DOE
13 30 1 100 3 DOE
14 20 1.5 100 2 DOE
15 42.3 1.5 68.3 2 DOE
16 31.6 2.3 68.3 2.5 DOE
17 64.1 1.5 66 1 DOE
18 42.1 2.4 32 2 DOE
19 64.1 1.5 66 3 DOE
20 50 1.9 100 1 DOE
21 30 2 32 3 DOE
22 20 2.7 100 1 DOE
23 50 2.7 32 3 DOE
24 20 1.5 100 2 DOE
25 30 1 100 3 DOE
26 20 1.5 100 3 Thermocouple
27 50 2.7 100 3 Thermocouple
28 30 2 32 3 Thermocouple
29 50 2.7 32 3 Thermocouple
Fig. 3—Schematic diagram showing the LFW process.
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From the schematic diagram in Figure 3, the instrumen-
tation between the oscillating chuck and hydraulic
cylinder records the in-plane force, Fin. This does not
represent the force at the weld interface, Fint, due to the
eﬀects ofmomentumacting on theworkpiece and tooling.
Summing the forces on the chuck in the vertical direction
enables the weld interface force, Fint, to be determined
Fint ¼ Fin M  a; ½2
where M is the mass of the chuck and workpiece
(approximately 280 kg) and a is the acceleration. The
force convention is shown in Figure 3. Note that while
Fin is positive downwards, Fint is positive upwards.
The acceleration may be calculated using numerical
diﬀerentiation or if sinusoidal displacement is assumed




¼ Ax2 sinðxtÞdt ¼ x1x2 ¼ x1ð2pfÞ2; ½3
where t is the time, x is the angular frequency, and x1 is
the displacement. Equation [3] is less susceptible to noise
when compared to the numerical diﬀerentiation meth-
od.[6] Since the motion of the workpieces in these
experiments was sinusoidal, Eq. [3] was used for the
analyses presented in this paper.
The average interface force generated over a phase,
Fpa, was divided by the applied force to determine the




The total energy inputted to the weld interface, Ex,






where T is the total duration of the weld and v is the
velocity.
To determine the average power input for one of the
phases, the energy input for that phase was divided by
the phase duration. Finally, the burn-oﬀ rate during
phase 3 was determined by calculating the gradient of
the line where the burn-oﬀ reached steady state.
C. Regression Analysis
An ‘‘analysis of variance’’ (ANOVA) was conducted
using Design Expert V.7. This identiﬁed which inputs
and input interactions were statistically important for
mathematically modeling the process outputs of interest.
The statistically insigniﬁcant factors were then removed
from the equations. Several statistical criteria were
considered when reducing the factors. These are listed
below, and the reader is referred to the cited text for
further explanation:[15]
 R-squared (R2): The percentage of variation in the
data explained by the regression model.
 Adjusted R-squared (Adj R2): As for R2 but ad-
justed for the number of factors in the model.
 Predicted R-squared (Prd R2): A measure of the per-
centage of variation for new data explained by the
model.
 Adequate precision (Ad. Pr): This is the signal to
noise ratio and compares the range of the predicted
values at the design points to the average prediction
error.
 P-Values (P–V): This helps the user determining
which input factors are of significance. The smaller
the value, the better with values equal to or lower
than 0.05 being statistically significant. The overall
value for the equation describes how significant it is.
D. Thermal Modeling
To understand the condition of the material at the
transition between phase 1 and 2, a 2D thermal model of
phase 1 was created using the DEFORM ﬁnite element
analysis (FEA) software. Grujicic et al.[8] demonstrated
that there is very little variation in the thermal proﬁle in
the through-thickness direction, allowing the process to
be modeled with a 2D model oriented in the direction of
oscillation. As shown in Figure 4, the tooling extended
to within 5 mm of the interface as occurred in the
experiments. Temperature-dependent thermal conduc-
tivity, speciﬁc heat, and emissivity data from the
DEFORM software’s library were used; the convec-
tive heat transfer coeﬃcient was assumed[1] to be
10 W/(m2 K); and the conductive heat transfer
coeﬃcient with the tooling was assumed[1] to be of
10,000 W/(m2 K). The temperature of the environment
was assumed to be 293 K (20 C). A uniform mesh size
of 0.5 mm was used across the 2D model.
The heat from the LFW process was applied with a
uniform heat ﬂux (Q) across most of the workpiece
interface which was linearly reduced to 50 pct of this
value, an amplitude (A) away from the edge as shown in
Figure 4. The reduction at the edges was due to the
sinusoidal movement of the workpieces—the point at
the corner is only in contact with the other workpiece 50
pct of the time. The heat ﬂux was determined using two
methods: Method 1 used the power input calculated
from the force and displacement history and Eq. [5]; and
Method 2 used the average power input for phase 1
derived from the statistical analysis. The thermal proﬁles
were predicted along the center line of the weld in the
direction perpendicular to oscillation and then com-
pared against the thermocouple measurements. A com-
parison of these methods enabled validation of the
statistical data generated with the DOE.
III. RESULTS AND DISCUSSION
A. Weld Appearance and Microstructure
Regardless of the process inputs used, the macro-
structures of the Ti-6Al-4V linear friction welds were
similar in appearance in the fact that they had several
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distinct zones—a weld center zone (WCZ), a thermo-
mechanically aﬀected zone (TMAZ), and the parent
material—and were surrounded by the expelled interface
material (ﬂash). These characteristics are typical of Ti-
6Al-4V linear friction welds.[2,4,8,11,13] The diﬀerent
zones are displayed in Figure 5(a). The WCZ which
many authors suggest experiences signiﬁcant recrystal-
lization,[4,8,11,13] was found to have either a widmanst-
atten and/or martensitic microstructure, as shown in
Figures 5(b) and (c), respectively. The WCZ was then
followed by a TMAZ. The material in this region had
been deformed mechanically and aﬀected by the heat
from the welding process but did not appear to have
undergone any signiﬁcant recrystallization due to the
original grains of the parent material being present.
The remainder of the workpieces consisted of
the initial parent material, as previously shown in
Figure 2(b).
Worthy of note, the welds that had only experienced a
small amount of burn-oﬀ, i.e., approximately 1 mm, had
surface impurities, such as oxides, along the weld
interface, as shown in Figure 5(d). Future work may
do well to consider how the process inputs inﬂuence the
removal of these impurities as they can aﬀect the
properties[4] and possibly the life of a weld.[1]
B. Force Histories
A plot of the force history for a typical weld is shown
in Figure 6(a). Typically the in-plane force started out
with a relatively low value during phase 1, before
increasing to a maximum during phase 2 and then
reducing a little and stabilising during phase 3. This isFig. 4—Developed 2D thermal model.
Fig. 5—Weld microstructures: (a) generic appearance of a weld (weld 6), showing the weld center zone (WCZ), the thermo-mechanically aﬀected
zone (TMAZ), and the parent material (Parent); (b) Widmanstatten (weld 8); (c) Martensite (weld 2); (d) surface impurities for a weld with a low
burn-oﬀ (weld 11).
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typical of most Ti-6AL-4V linear friction welds.[5] For
two of the welds, the force histories were enlarged so
that the force variation over a single cycle during phase
3 could be viewed, which is shown in Figure 6(b) for a
low rubbing velocity weld and Figure 6(c) for a high
rubbing velocity weld. The two responses are remark-
ably diﬀerent. Firstly, the magnitude of the component
caused by acceleration (M.a) is much greater for the
high rubbing velocity weld due to the high accelerations.
Secondly, the variation of the interface force over a cycle
diﬀered: for the low rubbing velocity weld, the force
reached a peak value shortly after the workpieces
changed direction and was then relatively uniform until
the workpieces changed direction again. This behavior is
similar to that reported in Ofem et al.[6] who claimed
that this was due to forging of the workpieces at the end
of each stroke due to the higher pressure caused by the
smaller interfacial area. This shortening then resulted in
‘ploughing’ as the workpieces were brought back
together. Once fully aligned ‘ploughing’ ceases and the
interface force decreases. For the high rubbing velocity
weld, there was no initial peak—the interface force
increased continuously until the workpiece changes in
direction. It is unclear that whether the ‘ploughing’
mechanism was active or not. There were fewer data
points recorded over a cycle due to the higher frequency
which made it more diﬃcult to view the point to point
variation. In addition, for high rubbing velocities, the
component of the force due to acceleration was a much
larger proportion of the total force, which may have
increased the error in the calculated interface force.
These phenomena were independent of the applied
force.
C. Regression Analysis
The results from the statistical tests performed on the
ﬁnal models are displayed in Table II. Much of the
variability within the results is accounted for with the
exception being the welding time for phase 2 due to the
short duration of this phase.
The equations for the process outputs are listed below
(these are listed so that other researchers may use them
for modeling input and/or validation data):
Fig. 6—Force history displaying: (a) the phases, in-plane force, applied force and burn-oﬀ for the weld made with a frequency of 42.1 Hz, an
amplitude of 2.4 mm an applied force of 32 kN and a burn-oﬀ of 2 mm (Note that Phase 0 is the time one of the workpieces was oscillated in
free space prior to contact with the other); in-plane and interface forces as a function of time for (b) a low rubbing velocity (120 mm/s) at
100 kN and (c) a high rubbing velocity (540 mm/s) at 100 kN welds.
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Burn-off rate Phase 3ð Þ
¼ 0:695810:042711  fþ 0:039751  A
6:79114  103  Fa þ 0:036051  f  A
þ 4:66901  104  f  Fa; ½6
Welding time Phase 1ð Þ
¼ 21:034980:44181  f8:22664  A
 5:58333  103  Fa þ 0:079203  f  A
þ 2:70505  103  f2 þ 0:90686  A2; ½7
Welding time Phase 2ð Þ
¼ 1:60014 0:012349  f 0:25048  A
 2:31191  103  Fa; ½8
Welding time Phase 3ð Þ
¼ 2:91648 0:073095  f 1:88682  A
 2:24770  103  Fa þ 1:36173  Bo
þ 0:014157  f  A 0:010635  f  Bo
 0:25621  A  Boþ 5:94592  104  f2
þ 0:37487  A2; ½9
Average power input Phase 1ð Þ
¼ 18:26366þ 0:32678  fþ 9:27832  A
þ 0:061476  Fa þ 0:087638  f  A
 4:21790  104  f  Fa  2:33759  103  f2
 1:93524  A2; ½10
Average power input Phase 2ð Þ
¼ 5:01193þ 0:24946  fþ 3:65772  A
 0:084170  Fa þ 0:12852  f  A
þ 0:020175  A  Fa  2:36684  103  f2
 1:08098  A2 þ 5:31310  104  F2a; ½11
Average power input Phase 3ð Þ
¼ 6:21627  0:083060  f 2:22581  A 0:057055
 Fa þ 0:16352  f  Aþ 6:46109  104  f  Fa
þ 0:025004  A  Fa; ½12
Average interface force Phase 1ð Þ
¼ 1:29038 þ 0:35088  fþ 11:98137  Aþ 0:22589
 Fa  0:024402  f  A 2:88474  103  f  Fa
 2:69876  A2; ½13
Average interface force Phase 2ð Þ
¼ 64:54841  0:67552  f 9:63483  A
 0:057582  Fa þ 0:14140  f  Aþ 0:055478  A
 Fa þ 4:88048  103  f2; ½14
Average interface force Phase 3ð Þ
¼ 55:71070  0:63561  f 6:22698  A
 0:016212  Fa þ 0:10859  f  Aþ 0:032661  A
 Fa þ 5:10434  103  f2; ½15
Weld energy Phase 1 4ð Þ
¼ 87:35071  1:26541  f 29:40070  A
 0:18032  Fa þ 3:89068  Bo þ 0:20616  f  A
þ 7:43934  103  f2 þ 4:09790  A2
þ 7:58175  104  F2a: ½16
Although the frequency and amplitude are two
separate process inputs, the regression analysis demon-
strated that it was acceptable to consider them as a
single input—an average rubbing velocity—as varying
either while keeping the average rubbing velocity con-
stant had relatively little inﬂuence on the results
(Although it should be emphasised that this result may
only be applicable to Ti-6Al-4V for the process input
Table II. Statistical Tests Performed on the Final Models
Process Output R1 Adj. R2 (pct) Prd. R2 (pct) Ad. Pr. P–V
Burn-oﬀ rate 93.4 91.7 88.4 23.4 <0.0001
Welding time (phase 1) 98.0 97.3 95.8 32.3 <0.0001
Welding time (phase 2) 73.5 69.8 63.6 12.6 <0.0001
Welding time (phase 3) 98.9 98.1 96.6 41.9 <0.0001
Av. power input (phase 1) 99.8 99.7 99.5 102.2 <0.0001
Av. power input (phase 2) 99.6 99.4 99 70.7 <0.0001
Av. power input (phase 3) 99.6 99.5 99.2 89.6 <0.0001
Av. interface force (phase 1) 97.8 97.1 96.2 37.9 <0.0001
Av. interface force (phase 2) 88.6 84.9 77.4 16.3 <0.0001
Av. interface force (phase 3) 89.9 86.6 82 16.2 <0.0001
Weld energy (phases 1–4) 99 1 98.7 97.8 51.3 <0.0001
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range investigated). To illustrate this, the steady-state
burn-oﬀ rate is plotted as a function of the frequency
and average rubbing velocity in Figure 7(a). Therefore,
all subsequent regression analysis plots are displayed as
a function of the average rubbing velocity. Figure 7(b)
shows how the burn-oﬀ rate was aﬀected by the
combination of rubbing velocity and applied force: it
increased with both. The amount of burn-oﬀ had no
eﬀect on this value.
The results from the regression analysis for the
average welding time, power, interface force, and
coeﬃcient of friction for the three main phases are
displayed in Figure 8. Phase 4 was very short in
duration and was ignored.
From Figure 8(a), the parameter that had the greatest
eﬀect on the duration of each of the phases was the
rubbing velocity. The duration was inversely related to
the rubbing velocity, power, and burn-oﬀ rate. This is
because the higher rubbing velocities increased the rate
of heat generation, enabling the material to heat, and
plasticize more rapidly (reducing the duration of phases
1 and 2). In addition, the higher rubbing velocities
reduced the duration of phase 3 due to an increased rate
of material expulsion. Although not shown the duration
of phase 3 varied linearly with the amount of burn-oﬀ.
In fact, with the exception of the duration of phase 3,
the burn-oﬀ input had no inﬂuence on the results in
Figure 8 and is, therefore, not included.
The results for the power in Figure 8(b) show that
increasing the rubbing velocity increases the power input
to the weld for all phases. The power input for phase 1
was generally the lowest of the three and was greatly
aﬀected by the applied force. The power input for
phases 2 and 3 was greater and showed less dependence
on the applied force.
Both the interface force and coeﬃcient of friction
were largely independent of the rubbing velocity: being
mainly inﬂuenced by the phase and applied force, as
shown in Figure 8(c) and (d). This result was not
anticipated and has not been reported elsewhere. To
understand why this may have occurred, this result is
compared with the ﬂow stress vs. temperature and strain
rate data for this alloy which is reproduced in Figure 9.
As the rubbing velocity is increased so is the strain
rate,[1] which increases the required ﬂow stress. The
increased rubbing velocity also increases the heat input
(see Figure 8(b)), which, due to the relatively low
thermal conductivity of titanium, can increase the
interface temperature,[1] thus reducing the required ﬂow
stress. The net result appears to be a cancelation of the
two eﬀects, resulting in minimal change of the average
interface force required to maintain oscillation.
The average interface force increases with the applied
force, as shown in Figure 8(c). For phase 1, this is due to
more of the asperities at the interface of the workpieces
being ‘‘squashed’’ onto each other, increasing the true
surface contact area, which increases the friction
force.[16,17] For phases 2 and 3, this is probably due to
the rate of expulsion of the viscous material from the
interface. For a comparable rubbing velocity, a decrease
in the applied force decreases the rate of material
expulsion, see Figure 7(b), causing less high temperature
material to be removed from the joint. Consequently,
the extra heat from the remaining material is combined
with the heat generated from the viscous plastic defor-
mation during the next cycle of oscillation, thus result-
ing in a higher interface temperature which reduces the
material ﬂow strength and the required interface force to
maintain oscillatory motion. This theory is supported by
experimental investigations completed by Romero
et al.,[11] who compared the microstructures of Ti-6Al-
4V linear friction welds and concluded that the interface
temperature reduces considerably when welds are pro-
duced with higher applied forces. Modeling work by
Turner et al.[1,7] also supports this view.
The coeﬃcient of friction is obviously strongly linked
to the interface force. This parameter has been reported
because of its common use in process models.[8–10] The
average value was relatively insensitive to the rubbing
velocity, however, with the lower forces it ranged
between about 0.8 and 1.3, depending on the phase;
Fig. 7—Regression analysis for the steady-state burn-oﬀ rate: (a) as
a function of the frequency and average rubbing velocity for an ap-
plied force of 100 kN and (b) as a function of the average rubbing
velocity and applied force.
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while at the higher forces it was consistently around 0.4.
Due to the big diﬀerence in the results in phase 1, and
the fact that an adhesion of the materials occurs in
phases 2 and 3, it is highly unlikely that coulombic
friction is occurring at any point during the LFW
process. Therefore, coulombic modeling—even during
phase 1—for the LFW process is highly questionable.
Finally there appears to be an advantage in using high
rubbing velocities to minimise the overall energy input
to a weld—see Figure 10. This is a consequence of the
higher power input and shorter duration of these welds.
D. Thermal Proﬁles at the End of the Initial Phase
(Phase 1)
Figure 11 displays thermal proﬁles at the end of phase
1 for four diﬀerent process input combinations. As
stated earlier, the heat ﬂux was determined from the
force and displacement history (Method 1) and the
statistical analysis (Method 2). The temperatures re-
corded at the interface at the end of phase 1 ranged
between 1213 K (940 C) and 1333 K (1060 C), with an
average of approximately 1273 K (1000 C) across all
the process conditions. It is well known that the beta-
Fig. 8—Regression analysis for the (a) welding time, (b) power, (c) interface force, and (d) coeﬃcient of friction as a function of the average rub-
bing velocity for the diﬀerent phases and applied forces. Note that the average welding time for phase 3 in (a) is for 3 mm of burn-oﬀ.
Fig. 9—Ti-6Al-4V ﬂow stress data as a function of temperature and
strain rate at a strain of 4 (reproduced from Turner et al.[1]).
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transus temperature for titanium is around 1273 K[4,11]
(1000 C) and as seen in Figure 9, there is a signiﬁcant
reduction in the ﬂow stress at this temperature. This
lower ﬂow stress likely allows for adhesion between the
two materials and facilitates extrusion of the hot metal
from the weld region. Hence this explains why the
transition from phase 1 to phase 2 is associated with this
temperature.
There was good agreement between the two methods
for estimating the heat input and the experimental
thermocouple recordings. An increase in the rubbing
velocity and/or applied force increased the gradient of
the thermal proﬁle, concentrating the heat close to the
weld interface. As stated in the previous section, the high
rubbing velocity welds generate more power and take a
much shorter time. Therefore, there is little time for the
heat to conduct into the bulk material which is why the
thickness of the highly heated region is reduced.
IV. CONCLUSIONS
The main ﬁndings from this work are:
1. The design of experiments technique allowed for-
mulas for describing the burn-oﬀ rate, duration,
weld power, interface force, friction coeﬃcient, and
process energy to be determined for a range of pro-
cess inputs and the diﬀerent process phases. These
results provide input and validation data for Ti-
6Al-4V LFW process models.
2. The outputs were primarily dependent on the aver-
age rubbing velocity and applied force. Adjusting
the frequency and/or amplitude while keeping the
average rubbing velocity constant had little eﬀect
on the outputs.
3. The microstructure at the weld interface can consist
of either Widmanstatten and/or Martensite.
4. The interface force increased with the applied force
but was largely insensitive to the rubbing velocity
for all phases of the process.
5. The energy required to produce a weld is reduced
with higher rubbing velocities and applied forces
due to the process taking less time.
6. The thermal proﬁles predicted at the end of phase 1
indicated that irrespective of the process inputs the
temperature at the interface was around 1273 K
(1000 C), which corresponds to the beta-transus
temperature for Ti-6Al-4V.
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